effect, whereas the dichloromethane fraction (NB3) presented an immunomodulatory effect in the inflammatory and anti-inflammatory cytokines. Conclusion: During in vitro DENV infection, N. brasiliensis Choisy exerts both antiviral and immunomodulatory effects that are likely associated, considering that less viral load may lead to less immunostimulation.
translated into 3 structural proteins and 7 nonstructural proteins [4] . Among the nonstructural proteins, NS1 is expressed both in the resident form within the endoplasmic reticulum, associated with the membrane of infected cells or in soluble form in plasma of infected patients. It appears to be involved in viral replication [5, 6] and, moreover, it was recently described to be involved in the increase of endothelial permeability, which leads to vascular leakage during in vivo infections [7] .
DENV has been reported to infect a wide range of cells including dendritic cells, monocytes, hepatocytes, and endothelial cells either in vivo [8, 9] or in vitro [10] [11] [12] [13] [14] [15] . Infected cells become activated after infection, producing proinflammatory mediators including TNF, IL-6, and IL-8, among others that compromise the integrity of the endothelial cell layer, likely inducing vascular leakage [16] [17] [18] [19] . On the other hand, monocytes may be involved in protective mechanisms by producing IFN-α in response to DENV [20] and becoming activated as CD14 high CD16 + monocytes that express Toll-like receptors and control exacerbated inflammatory responses, possibly by IL-10 production [21] . Previously, we reported immunomodulatory properties of Uncaria tomentosa extracts in a DENV-2 infection model of primary human monocytes, reducing TNF-α production and presenting antiviral activities [22] . Most studies involving natural products focus on their possible antiviral action against DENV, but do not pay attention to immunomodulatory effects.
Dysregulation of the immune system has long been treated in various diseases by herbal medicine and its therapeutic effects may be achieved by cytokine modulation [23, 24] . Natural products have become the main source of test material in the development of drugs based on traditional medical practices [25] and have been used to treat viral infections in animals and humans. Several plants have been reported to display antiviral activities [26] [27] [28] [29] . More recently, these medicinal products are described as antiviral agents against DENV, inhibiting the viral load and/or their replication [30] [31] [32] .
The Marcgraviaceae family is formed by 8 genera and approximately 110-130 species [33, 34] , of which 4 genera and 35 species are present in the Brazilian flora. In this study, the Brazilian species Norantea brasiliensis Choisy, discovered by a Jacques Denis Choisy (1799-1859), was used [35] . This is a climbing shrub type that grows on the sandbanks of Rio de Janeiro, popularly known as "agarra-pé" (grab-foot) and is distributed in all Brazilian costal sandbanks from Paraíba State to Santa Catarina, and along the coast of Rio de Janeiro State [36, 37] . The species is rich in flavonoids, considered chemosystematic markers for the Ericales order [38] , and were detected in our samples by thin layer chromatography using specific reagents. Earlier, pharmacological tests were performed with this species in order to evaluate biodynamic potentials. The choice of N. brasiliensis species was based on prior knowledge of information on chemical features and biological activities of this plant's extracts, such as anti-inflammatory, analgesic, and trypanocidal properties [39] . The anti-inflammatory properties from the plant called our attention to new research on DENV infection since the disease has an inflammatory profile observed in patients known as a "cytokine storm," which means there is a significant increase in the levels of soluble inflammatory mediators in the most severe forms of the disease [40] [41] [42] [43] [44] . Our aim was to investigate future potential for a new therapeutic agent for treating the disease.
In the present study, we assessed the antiviral and immunomodulatory activities of N. brasiliensis ethanol crude extract from leaves and 3 of its partitioned fractions in an in vitro model using a DENV-2-infected monocyte model, and identified the constituents of the fractions with potential for developing a future herbal medicine for dengue treatment.
Materials and Methods

Plant Material and Extraction
Leaves of N. brasiliensis were collected in Rio de Janeiro, Rio de Janeiro State, Brazil. The material was identified by the botanist Dr. Geisa Lauro Ferreira and a voucher specimen was deposited at the Herbarium of Jardim Botânico in Rio de Janeiro, Brazil (No. 152017). Dried and ground leaves (975 g) were submitted to extraction at room temperature with ethanol. The solvent was removed under low pressure yielding 170 g of the dried extract.
After sample preparation, they were solubilized in 1% DMSO, with the help of an ultrasonic bath. Then, samples were diluted in PBS pH 7.4, and stored in a concentration of 1 mg/mL. For sample sterilization, a Gammacell 220 Irradiator, with a cobalt-60 source from the Nuclear Instrumentation Laboratory (LIN)-UFRJ, was used at 62,700 rad. Samples were aliquoted and stored at -20 ° C. To confirm the sterilization, a Limulus Amebocyte Lysate (LAL) test (LONZA cat. N184-06) was used for endotoxin detection. The result of this test was negative for all samples (data not shown).
Liquid-Liquid Partition of Crude Extract
To perform the liquid-liquid partition procedure, part of this extract was solubilized in methanol:water 1/9 v/v. The total volume obtained in this hydroalcoholic solution was exactly the same obtained in each of the organic solvents used in the partition: hexane, dichloromethane, ethyl acetate, and butanol. The fractions resulting from partition techniques and the aqueous residue were concentrated in a rotary evaporator and lyophilized. 
High-Performance Liquid Chromatography Profile of the Extracts and Fractions
Crude extract and fractions were analyzed by a high-performance liquid chromatography (HPLC) apparatus, which consisted of a Shimadzu (Kyoto, Japan) Nexxera Series 20 liquid chromatograph, 2 Shimadzu LC-20DXR pumps equipped with a binary gradient valve, a Shimadzu SPD-M20A diode array detector, a Shimadzu SIL-30AC autosampler, a Shimadzu CTO-20AC oven, a Shimadzu CBM 20-A communications bus module, and a Shimadzu DGU-20A5R degasser. Fractionation was achieved using a Supelco (Bellefonte, PA, USA) Supelcosil LC-18 column (250 × 4.6 mm i.d.; 5-μm particle size). The mobile phase was a methanol: water gradient, the injection volume was of 20 μL at 10 mg/mL, the flow rate was 1.0 mL/min and the effluent was monitored at 254 nm. The profile from the 4 preparations is represented in Figure 2 .
Cell Viability Assay by MTT Sample cytotoxicity was evaluated by an MTT assay. Human peripheral blood was provided by the Hospital Universitário Clementino Fraga Filho, UFRJ. Buffy coat cells from healthy donors were submitted through density gradient centrifugation (350 g , 30 min in Ficoll-Paque Plus, GE Healthcare Life Sciences) to isolate the human peripheral blood mononuclear leukocytes (PBMLs). PBMLs were plated in 96-well flat microtiter plates (3 × 10 5 cells/well) with complete RPMI 1640 medium (with 200 m M glutamine, 100 U/mL penicillin, and 10 μg/streptomycin), supplemented with 10% fetal bovine serum (FBS) (both from Gibco, Life Technologies), and incubated for 24 h at 37 ° C with 5% CO 2 for monocyte adherence. After this period, the medium was removed with nonadherent cells and adherent cells were incubated with different dilutions (10 and 1 μg/ mL) from NB extract/fractions for 48 h. For performance of cytotoxicity assays, RPMI 1640 without phenol red (Gibco, Life Technologies) was used, and then 10 μL of the 12 m M MTT reagent (Vybrant ® MTT Cell Proliferation Assay Kit, Life Technologies cat. No. M6494) was added per well. The cells were incubated for 4 h at 37 ° C with 5% CO 2 , adding 50 μL DMSO to solubilize the formazan formed in the process. The concentration was determined by D.O. at 570 nm by the SpectraMax spectrophotometer, using Paradigm Software SoftMax ® Pro 6. Tested concentrations used in this work were determined as noncytotoxic for all samples at 48 h (>90% viability as compared to untreated cells; data not shown).
Virus and Cell Culture
The DENV-2 16681 original strain was obtained from Dr. S. 
Virus Titration
The viral mass from DENV-2 was titrated by serial dilution cultures in 96-well microtiter plates and detected by immunofluorescence. Virus titer was calculated as 50% tissue culture infectious dose (TCID 50 ), according to the Reed and Munch formula [46] . Virus stock used showed titers of 1.37 × 10 8 TCID 50 /mL.
Human Peripheral Blood Mononuclear Phagocyte Enrichment
Human peripheral blood was provided by the Hospital Universitário Clementino Fraga Filho, UFRJ. Buffy coat cells from healthy donors were submitted to a density gradient centrifugation (350 g , 30 min in Ficoll-Paque Plus, GE Healthcare Life Sciences) to isolate the human PBMLs. After this procedure, cells were suspended in complete RPMI 1640 and incubated at 37 ° C under 5% CO 2 for 90 min to allow monocyte enrichment. Nonadherent cells were removed by washing while adherent cells were detached by mechanical cell harvesting with cell scrapers in a cold medium. Then, the recovered adherent cells -enriched monocytes -were suspended in complete RPMI supplemented with 10% FBS, seeded at 2 × 10 6 cells in 1 mL on 48-well plates and incubated for 24 h.
Monocyte Infection and Treatment with N. brasiliensis Samples
After incubation, adherent monocytes were infected with a virus inoculum diluted (1/5) in cell culture medium (2.74 × 10 7 TCID 50 /mL in 300 μL) with a multiplicity of infection (MOI) of 4.1 per well. Cells were incubated for 2 h for virus adsorption and then 220 the supernatant was replaced with a 2% FBS containing N. brasiliensis crude ethanol extract from leaves or either NB3, NB5, or NB6 fractions at different concentrations (10/1 μg/mL) and subsequently incubated at 37 ° C under 5% CO 2 . After 48 h, supernatants were collected and stored at -20 ° C for cytokine measurement and cells were recovered for viral antigen determination. Wells containing no treatment or infection, fractions without infection, and infectious DENV were assayed.
Viral Antigen Detection by Flow Cytometry
Adherent monocytes previously treated or not with N. brasiliensis were recovered from plates by scraping with a plastic microtip in a cold cell culture medium. They were set at 1 × 10 6 cells/well in a 96-well plate, then centrifuged (350 g , 7 min) while supernatants were collected for subsequent measurement of cytokines/ chemokines. The cells were then suspended in a wash buffer (phosphate-buffered saline pH 7.4 containing 1% bovine serum albumin and 0.1% NaN 3 (PBS/BSA). Afterwards, cells were fixed with a 2% paraformaldehyde PBS/BSA solution at 4 ° C for 20 min and permeabilized with a 0.15% saponin in PBS/BSA solution for 10 min. Permeabilized cells were blocked with 5% inactivated human plasma in PBS/BSA at 4 ° C for 30 min, washed, and incubated with mouse anti-dengue complex monoclonal antibody (1/100 dilution, Chemicon, Merck) at 4 ° C for 60 min. After washing, the cells were incubated with anti-mouse IgG labeled with Alexa Fluor TM 488 (1/400 dilution) for 30 min at 4 ° C. Cells were washed again with PBS/BSA, recovered in 2% paraformaldehyde, and kept at 4 ° C until cell acquisition (10,000 events for gated monocytes) by a FACSCalibur flow cytometer (Beckon and Dickinson) and analyzed with FlowJo Software (TreeStar Inc.). An isotype-matched antibody was adopted as a negative control.
NS1 Semiquantitative Detection by ELISA
To evaluate the antiviral activity from N. brasiliensis samples, the DENV nonstructural protein, NS1, was evaluated. For this, the culture supernatants submitted to different treatment conditions and previously stored at -20 ° C were used for determining NS1 ratios with the Platelia Dengue NS1 Ag Kit (BioRad No. 72830), according to the manufacturer's instructions. Plates were read at 450 nm in the SpectraMax Paradigm Software SoftMax ® Pro 6. To calculate the NS1 ratio, the optical density (OD) from tested samples was divided by the OD from the "cutoff" sample supplied by the kit (average of duplicates from kit calibrator, CO).
Cytokine/Chemokines Detection by Multiplex Microbead Immunoassay
To evaluate the immunomodulatory activity from N. brasiliensis samples, culture supernatants from cells submitted to different treatment conditions and previously stored at -20 ° C were also used for cytokine determinations of TNF-α, IL-6, IL-10, and IFN-α. A high-sensitivity multiplex biometric immunoassay containing fluorescent dyed microspheres conjugated with a mono- clonal antibody specific for a target protein was employed according to the manufacturer's instructions (Upstate) and following an earlier description [22] . The assay's sensibility range was 1.95-8,000 pg/mL. Cytokine levels were determined with a multiplex array reader from Luminex Instrumentation System (Bio-Plex workstation, Bio-Rad Laboratories). The analyte concentration was calculated with a software provided by the manufacturer (BioPlex Manager Software). It provided a regression analysis to derive the equation for cytokine concentration prediction in samples.
Statistical Analysis Data were initially tested for normality, with Prism GraphPad Software version 6, using the Kolmogorov-Smirnov test. Once data groups mostly did not pass the normality test, we performed a 2-group comparison between virus infected cultures submitted to plant treatment with untreated ones that were evaluated for significance with the pared and nonparametric statistical Wilcoxon test. Altered parameters were considered significant when p < 0.05.
Results
In vitro Antiviral Activity of N. brasiliensis Choisy in DENV-Infected Monocyte-Enriched Cells Detected by Intracellular Antigen Labeling and NS1 Secretion
DENV-2 strain 16681 has been efficient in inducing monocyte infection and the intracellular antigen detection peak occurred on the second day after infection [47] . This model has already been used for testing U. tomentosa antiviral and immunomodulating activities [22] . Here, the strain 16681 was used for in vitro infection of human adherent PBMLs -monocyte-enriched cells -to test the effects of N. brasiliensis Choisy on dengue infection and cytokine production.
In vitro antiviral activities of N. brasiliensis on DENV-2 were assessed by 2 different approaches from the same culture: DENV-infected adherent PBMLs, enriched for monocytes, treated with 1 or 10 μg/mL of the crude extract or its 3 partition fractions derived from the N. brasiliensis . After 48 h of infection, the culture supernatant was removed. Cells were labelled for intracellular detection of DENV-Ag + cell rates and analyzed by flow cytometry in the regions containing cells with monocyte morphology accordingly to FSC and SSC parameters ( Fig. 3 a; 80-90% gated cells are CD14 + ). The crude NB1 extract significantly decreased monocyte DENV-Ag detection at 1-and 10-μg/mL doses ( Fig. 3 a, b) . Treatments with NB3, NB5, and NB6 fractions demonstrated no effect on DENV infection rates in any of the tested concentrations. The 10-μg/mL dose of NB3 and NB5 presented unspecific Ag labeling in uninfected cells (data not shown).
The decrease in NS1 secretion detected by ELISA was statistically significant when the infected monocytes were treated either with the crude NB1 extract or its 3 fractions, NB3, NB5, or NB6, with a 1-μg/mL dose. None of the tested samples demonstrated antiviral activities by reducing NS1 rates with a 10-μg/mL dose ( Fig. 4 ) .
In general, NB1 presented more efficient effects in DENV antiviral activity, reducing both intracellular detection of DENV Ag and NS1 viral protein reduction at a 1-μg/mL concentration.
In vitro Immunomodulatory Activity of N. brasiliensis Detected by Imunofluorescent Assays in Cytokine Production by DENV-Infected Monocyte-Enriched Cells
The in vitro N. brasiliensis immunomodulatory activity was detected on the same DENV-2 infected adherent PBMLs; monocyte-enriched culture supernatants assayed for DENV antigens at 48 h postinfection and TNF-α, IL-6, IL-10, and IFN-α determinations were assessed by the Luminex TM technique as described in materials and methods. Considering that the 10-μg/mL dose did not present effect in the NS1 antiviral assay, only the 1-μg/mL dose was used for the immunomodulation assay.
In TNF-α determination, a significant modulation of this cytokine was observed when infected monocytes were treated with NB3 and NB6 fractions ( Fig. 5 a) . No significant changes were detected with the crude NB1 extract or with NB5 fraction treatments. NB1, NB3, and NB6 extracts significantly inhibited IL-6 ( Fig. 5 b) , and IL-10 levels were downregulated significantly by NB1 and NB3, with a tendency for IL-10 reduction by NB6 ( Fig. 5 c) in monocyte supernatants. The NB6 fraction also significantly reduced IFN-α production in the infected monocyte culture supernatants ( Fig. 5 d) . The NB5 fraction was ineffective in inducing immunomodulatory activities that were assayed.
Discussion
Physiopathology of DENV in patients with severe dengue characteristically involves a "cytokine storm," presenting high levels of circulating cytokines and chemokines detected in circulating blood and associated with severe outcomes, including shock and hemorrhages. Proinflammatory cytokines such as TNF-α, IL-6, and IFN-γ, as well as anti-inflammatory factors such as IL-10, and chemokines such as IL-8, MIP-1β, and MCP-1, among others, are believed to be acting on endothelium integrity, disturbing hemostasis and the coagulation cascade [41] [42] [43] [44] 48] . There- Nonstructural protein NS1 production by enriched monocytes in DENV-2-infected cultures treated with NB compounds derived from N. brasiliensis . Enriched human monocytes were infected with DENV-2 (2.74 × 10 7 TCID 50 /mL; MOI = 4.1) and treated for 48 h with 1 μg/mL from the ethanol crude extract (NB1) and its dichloromethane (NB3), ethyl acetate (NB5), and butanolic (NB6) fractions (gray), or untreated (black). Medium, crude extract, or fraction was used in uninfected cultures as controls (white). The NS1 ratio was calculated using the sample optical density (OD) and NS1 cutoff OD. Values from 8 independent experiments (mean ± SEM). Treated samples were compared to untreated ones by Wilcoxon test. * p < 0.05. fore, serum levels of these molecules may serve as a laboratory tool for predicting severe disease [49] .
Here we adopted our earlier model of human primary monocytes [22] to evaluate the immunomodulatory potential of extracts from N. brasiliensis Choisy and observed downregulation of TNF-α, IFN-α, IL-6, and IL-10, associated with antiviral effects detected by reduction in cellular antigenic viral load and secreted NS1 protein.
This study stands out for its use of primary monocytes, the main target cells for DENV in patients [14] , and its aim to identify medicinal plants with effects against DENV. This cell type is relevant for the in vitro performed assays, regarding its susceptibility to DENV-2 infection and capability to induce cytokines and other inflammatory mediators related to dengue severity during infection [22, 47, 50] . There are currently no specific treatments for dengue fever [51] , only standard treatment for management of fever offered, i.e., nursing care, fluid balance, electrolytes, and blood clotting parameters [1] . Therefore, the need for an effective treatment for dengue is urgent and, considering the cytokine role in dengue pathogeny, it is still important to search for medicinal plants that act as immunomodulatory agents.
We showed that the hydroalcoholic extract from N. brasiliensis leaves and 3 derivate fractions presented antiviral activity, significantly reducing the percentage of DENV Ag + cells or the NS1 protein, a viral load indicator. Also an immunomodulatory effect is reported by reducing the production of some important cytokines such as TNF-α, IL-6, and IL-10. Considering that severe clinical manifestations are associated with an exacerbated cytokine production, we believe that this immunomodulation is an important step for reducing or avoiding undesired outcomes of the disease. Furthermore, it is important to note that possibly the actual reduction in viral load may lead to a reduction in the immune response and contribute to a good prognosis.
In this study, NS1 was used for the first time to evaluate the antiviral activity of natural products in an in vitro DENV infection model using human primary monocytes as targets. This protein have already been used for this activity in mice models, in which NS1 levels were related with the circulating virus detected by plaque-forming assay and RNA quantification by PCR [52] and more recently in studies involving Vero cell infection by the 4 DENV serotypes [31] . The role of IL-10 in association with hepatic dysfunctions and effusions in children with dengue was reported earlier [42] . Moreover, both DENV NS1 antigen and IL-10 serum levels were associated with severity in acute dengue infection, and IL-10 has suppressed dengue-specific T-cell responses [53] . Malavige and colleagues [54] demonstrated that NS1 is positively correlated with IL-10 production in monocytes, and induces its production, leading to severity. Therefore, our results showing an IL-10 reduction could be a consequence of N. brasiliensis effects in reducing NS1 and DENV production, acting simultaneously in an antiviral and immunomodulatory manner, and also improving the prognosis of infection.
The data presented here strongly suggest that the assay for NS1 determination is more indicated for screening tests to evaluate the antiviral activities of medicinal plants in the monocyte study model since it presented a higher sensitivity in detecting viral load changes than in labelling of intracellular antigen. The stable NS1 protein accumulates in culture, unlike the flow cytometry analysis that may not detect cells destroyed by the virus.
A predominant role for IL-8 and IL-6 as markers of acute disease severity in dengue Indian children was reported, and reduction in IL-8 and IL-10 levels identified markers of recovery from severe disease [55] . TNF-α has been classically associated with more severe cases of dengue fever [43, 56] and is also known to be an endothelial cell activator, inducing the expression of adhesion molecules and disrupting bridges with adherent molecules such as catenin, thereby favoring endothelial permeability and fluid leakage, resulting in severe outcomes such as hypotension and hemoconcentration [57, 58] .
Type 1 IFN (α/β) plays a significant role in establishing protection against virus infections [59] . However, DENV viral proteins, such as nonstructural NS4b can inhibit IFN signaling, downregulating the JAK/STAT pathway and impairing this antiviral effect of IFN-regulated gene expression [60] [61] [62] . IFN-α in excess may induce autoimmune diseases, such during the treatment for hepatitis [63] . Therefore, IFN-α downregulation, detected by tested NB6 fraction, may represent a decrease in immunological stimulation associated with reduced virus replication. Moreover, the virus elimination could be achieved by other antiviral molecules than IFNs, such as nitric oxide, which is known to inhibit DENV [14, 64] .
